The main index of quality work of wide-span tractors for controlled traffi c farming is the scale of damaging the plants with the working tools. Damaging the plants is considerably dependent on the scope of transversal deviations of the working tools which is conditioned by the movement stability of the wide-span tractor and some deviation from the trajectory of the established controlled traffi c farming and working tools in the fi eld dimension. Therefore, the study of the transversal movement of the working tools of a wide-span tractor and the impact of their deviations on the quality of implementing the technological process requires in-depth research and substantiation of constructive and kinematic parameters, which would ensure high quality of their work within the controlled traffi c farming system. Aim. To enhance the work quality of the wide-span tractors using the elaborated mathematical model of transversal deviations of the working tools, which would allow substantiating the constructive and kinematic parameters as well as the scope of the protection zone, based on condition of avoiding damage to the plants. Methods. The methods of building estimated mathematical models for the functioning of agricultural machines and equipment, based on theoretical mechanics, advanced mathematics, and the probability theory were used. Results. The article offers the methods of determining kinematic parameters of wide-span tractors and the probability of damaging plants in a row, which provide for substantiated selection of distances between the kinematic center of the tractor and the center of resistance of the device, used to lay the controlled traffi c farming, and the working tools as well as for selection of the scope of the protection zone with the consideration of their constructive parameters, stability and movement controllability. New mathematical dependences were elaborated, the application of which allows determining permissible thresholds of transversal deviations of the working tools, remarkable for standard deviation in agrotechnical conditions regarding the damage to plants in a row, which takes place while estimating the working indices of wide-span tractors in the controlled traffi c farming. Conclusions. The optimal zone of placing the devices for controlled traffi c and working tools is concentrated on minimally possible longitudinal distance from the kinematic center of the tractor. The factor of deviation difference should be taken into consideration while placing the working tools for wide-span tractors.
INTRODUCTION
Wide-span tractors for controlled traffi c farming are getting more popular in the world [1] [2] [3] . The main quality index of their work is the scope of damaging the plants with working tools. The major reason of damag-ing plants is large-scale deviation of the working tools, which are the farthest from the center of tracking the movement of the wide-span tractor. Transversal deviations of the working tools depend on the movement stability of the wide-span tractor, which results from the impact of many factors: uneven resistance of soil, MATHEMATICAL MODELLING OF THE MOVEMENTS OF TRACTOR WORKING TOOLS type of an agent, and its moment of resisting the turn, speed of movement, effective forces, etc. Due to the fact that their track width exceeds the wheelbase several times, the course angular and transversal deviation leads to considerable shifts of the working tools, especially the farthest ones, which impacts damaging the plants in a row.
Another reason of damaging the plants is some difference in the trajectory of the controlled traffi c and the working tools of wide-span tractors in the fi eld. The nature of this phenomenon lies in the fact that the kinematic center of the tractor does not coincide with the axis, passing through the tracking point for its movement trajectory. For instance, in widely common samples of the mentioned tractors, which are girder tractors ASA-Lift WS 9600 WS [4] , Douler [5] , BIOTRAC [6] and others, the cabin with the tracking-steering system or the steering agent is located on one side. The very movement trajectory of the mentioned wide-span tractors is conditioned with parameters of controlled traffi c. The latter is usually formed using special equipment, for instance [7] . For the mutual deviation of the formed trajectory of the controlled traffi c and the working tools to be minimal, which is the condition of quality work, it is necessary either to minimize the amplitudes of transversal shifts of the working tools, or to achieve the synchronous oscillations of the trajectories of the controlled traffi c and the working tools for each frequency.
The study of the movement stability of specialized wide-span tractors is the object of a special study, rather suffi ciently covered in [8] [9] [10] [11] , thus, it is not viewed in this work. The task is to determine mathematical relations, which allow determining the qualitative impact of constructive and kinematic parameters of a widespan tractor on the value of transversal deviations of the working tools, and, depending on the scope of the protection zone, -the impact on the damaging of plants in the row.
When a high level of automatization of driving the known wide-span tractors is taken into account, it is not deemed possible to minimize the amplitudes of transversal deviations of the working tools. Then, ensuring the synchronous trajectory of the stable technological track and the working tools in the fi eld is the actual way of improving the work quality.
Therefore, the study of the transversal movement of the working tools of a wide-span tractor and the impact of their deviations on the quality of implementing the technological process require in-depth research and substantiation of constructive and kinematic parameters, which would ensure high quality of their work within the controlled traffi c farming system.
The aim of the study was to elaborate the mathematical model of transversal deviations of the working tools of a wide-span tractor, which would allow substantiating some of its constructive and kinematic parameters as well the scope of the protection zone, based on the conditions of avoiding damage to plants.
MATERIALS AND METHODS
The methods of building computational mathematical models for the functioning of agricultural machines and equipment, based on theoretical mechanics, advanced mathematics and the probability theory were used in the theoretical research.
RESULTS AND DISCUSSION
Let us apply the kinematic point of view to consider the main factors, impacting the transversal deviation of the tools for controlled traffi c, and the working tools of a wide-span tractor, moving along the formed controlled traffi c ( Fig. 1 ).
As the number of kinematic parameters of a widespan tractor is high, and the threshold of their variation is wide, let us make a mathematical model fi rst, which would refl ect the value of the amplitude of the mutual deviation of trajectories of the controlled traffi c and the working tools. To turn off the impact of the trackingsteering system, the model was created for the case of ideal copying of the given trajectory of the equipment by the tracking point in order to lay the tracks of controlled traffi c. This would allow modelling the tractor movement while laying the tracks of controlled traffi c and the working movement as one multi-link elasticframed vehicle.
Let us assume that in actual conditions the mentioned trajectories are periodic oscillations, which may be expressed by a sum of the fi nal number of sinusoids:
where A i , T i , φ i -amplitude, period, and phase of transversal oscillations of the working tools at і-frequency; n -the number of intervals in the line of passing the frequencies of a wide-span tractor; y -the length of the way. where l 1 and d 1 -longitudinal distances from the resistance center R 1 of the tool of controlled traffi c to the kinematic center of the tractor, and instantaneous center of the turn C 1 , see Fig. 1 , a; l 2 and d 2 -longitudinal distances from the resistance center R 2 of the working tools to the kinematic center of the tractor and instanta-neous center of the turn C 2 , see Fig. 1, b ; l e -longitudinal distance from the tracking center E according to the trajectory of the working movement of the tractor to its kinematic center, see Fig. 1 
In formula (3) the double sign «±» or « » is used for the direction of the working movement of the tractor: upper sign -along controlled traffi c, lower signagainst the traffi c.
The value of mutual deviations of controlled traffi c and the working tools of a wide-span tractor, accepted for the target function, will be expressed in the formula:
The task of optimization in each і-th frequency of oscillations and the accepted direction of the working movement of a wide-span tractor comes down to the selection of several variants of parameter ratios l 1 , l 2 , d 1 , d 2 , l e l 1 , which will ensure minimization of ΔX i . The values of periods T i are selected in the band of passing the frequencies of the wide-span tractor with an even step ΔT i =10 m, i.e. T 1 =10 m, T 2 =20 m, etc. The consideration of oscillations with the period, exceeding 50 m, is senseless as such trajectories may be considered practically linear.
The results of calculations are presented in Table 1 .
The calculations demonstrated that from the kinematic standpoint, the optimal zone of placing the tools for controlled traffi c and working tools is concentrated at a minimally possible distance from the kinematic center of the tractor. The optimal longitudinal distance from the kinematic center of the trac- 
tor to the tracking point for the movement trajectory is 3-4 m.
If the tools of controlled traffi c are placed further from the kinematic center of the tractor, there should be rigid fi xing. The working tools should have fl exible fi xing here, and be placed from the resistance center at a minimally possible distance from the tools of controlled traffi c.
Let us elaborate mathematical relations which would allow defi ning the permissible threshold of transversal deviations of the working tools of a wide-span tractor and substantiating the value of the protection zone, based on condition of avoiding damage to plants. Here we will take into consideration that the total deviation of a separate working tool consists of deviation X s of the center of the tractor (t. S) from the given movement trajectory and its own shift due to angular deviation (see Fig. 1 ).
The deviation of the center of a wide-span tractor takes place due to the simultaneous effect of many independent variable factors [8] [9] [10] [11] , thus it may be in agreement with the law of normal distribution. Though this fact requires experimental confi rmation, we will make this assumption at this stage of our studies. The transversal deviations of the working tools due to angular turns of the tractor depend on the value of the latter, which changes all the time, and parameters, characterizing their placement. As known from the probability theory, the presence of independent variable factors in the total amount, acting on one of the prevailing processes, may lead to inconsistency of the law of normal distribution. This is the case for transversal deviation of the working tool, where a constant factor, affecting the process, is a parameter, characterizing its location in the device.
Let us assume that curves 1 and 2 (Fig. 2) characterize the density of locating the probability of deviations of separate working tools of a wide-span tractor from the given direction of movement Yt -Yt and location of plants regarding the axis of the row Yr -Yr. The leg Z is the zone of possible location of the working tool with some probability p(X tZ ) and the location of plants with probability p(X rZ ).
Then the probability of damaging the plants p(D Z ) in the zone Z may be defi ned based on the theorem of multiplying the probability [13] :
If the protection zone C is suffi ciently large, so that curves 1 and 2 (see Fig. 2 ) do not cross, then the zone Z is absent and there will be no damage of plants via cutting with the working tool. Using Fig. 2 , we fi nd the values for boundaries for X 1t and X 1r of zone Z:
where σ Xt and σ Xr -average deviation of the working tool and location of plants; nσ Xt and nσ Xr -threshold of deviations, where the value n may be reliably accurately accepted as equal to 3; C -the value of the protection zone.
The probability of fi nding the working tool p(X tZ ) in the zone Z in the general form may be expressed via the function of location F(nσ Xt ) and F(X 1t ) and the density of probability [14] :
The values of kinematic parameters of a wide-span tractor and mutual deviations of trajectories of controlled traffi c and the working tools
Kinematic parameters, m
The mutual deviations of the trajectories of controlled traffi c and the working tools, m, in case of oscillations with the period T i , equal, m: Let us similarly present the probability of placing the plants p(X tZ ) in the same zone:
Setting (6) and (7) into (4) and considering the equations (5), we will obtain the probability of damaging the plants, expressed via the density of probability of deviations of the working tools and the location of plants:
In case of normal law of location, if we take the known dependence of normalized density of probability [14] and introduce the relative signs of integral functions, the equation (8) will look as follows:
where The equation (9) is just for the assumption, according to which the distribution of deviations of the working tools and location of plants in the row is in good agreement with the normal law (Laplace-Gauss law). However, due to the fact that for traditional machine-tractor aggregates, the "external" and "internal" deviations of the same working tool are uneven for the same angular oppositely directed deviations of the tractor [15] , it is probable to expect the same result for the wide-span tractor. The latter cannot but refl ect on the character of distributing the whole aggregate of transversal deviations of the working tool of a wide-span tractor.
Using Fig. 1 we fi nd that the kinematic "internal" deviation of the working tool (see t. A of the working tool) at the expense of angular deviation of the tractor for angle φ, equals:
where x = KA = AK 1 -deviation of the working tool; γ -angle, which depends on constructive parameters of the tractor (b, l); β -angle, which depends on the value of angular deviation of the tractor φ.
Similarly, for external deviation of the working tool:
After expressing the values of the right part of equations (10) and (11) via constructive parameters b and l of the tractor, and the direction angle φ, we shall receive the following dependencies of transversal deviations of the working tool:
where b and l -the distances from the longitudinal and transversal axes of the wide-span tractor, which goes through its center, to the working tool.
For the farthest working tool, the constructive parameter b in relations (12) is in proportion to the width of the track of the wide-span tractor, which, based on Fig. 2 may be presented as:
where b k -the distance from the transversal axis of the wide-span tractor, which goes through its center, to the Let us assume that the technological zone according to Fig. 2 is defi ned by the width of the controlled traffi c s k and the scope of the protection zone C:
Taking into consideration relations (13) and (14), the equations (12) of transversal deviations for the farthest working tool will look as follows:
As seen from the equations obtained (15) , the internal and external deviations of the working tools are not
) for the same angular deviation of the tractor for the value φ. The value of the quantitative change in the internal α φ i and external α φ e deviation of the farthest working tool depending on the angular deviation φ of the tractor with the different values of its track K may be observed in Fig. 3 .
As seen in Fig. 3 , the difference in the shifts of the farthest working tools increases with the increase in the track of the tractor K and the angle of deviation φ. The difference between deviations is insignifi cant for slight changes of the mentioned parameters. Thus, one should consider the factor of the difference in deviations of the working tools (especially the farthest ones) for wide-span tractors, as it tells on the asymmetry of distribution.
Thus, if singular shifts of the working tool from the given movement direction to opposite sides are uneven, their combinations will not be equal either. It is not hard to confi rm this fact if the right part of equations (15) will have the value of the average angular deviation of the tractor instead of the singular value of angle φ. Here we will obtain the average deviation of the working tool, which corresponds to the average angular deviation of the tractor.
The application of the simple change in singular (random) values for average ones within small values of angles φ is quite acceptable, as the mentioned equations present a linear function for this condition and it is not necessary to conduct any linearization.
Taking the abovementioned into consideration, the equations (15) will look as follows:
where -average deviations of the internal and external shifts of the working tool at the expense of the angular deviations of the tractor; σ φ -average deviation, characterizing the combination of all the angular deviations of the tractor from the given direction of the movement.
As the shift of the working tool at the expense of angular deviations of the wide-span tractor is a constituent of total shifts, the latter are not even for its opposite deviations either:
Δσ α φ -the absolute difference between the internal and external shifts of the working tool from the average course angular deviation of the wide-span tractor.
The obtained equation (17) demonstrates that the absolute difference in the shifts of the working tool due to angular deviations of the wide-span tractor depends considerably on its constructive parameter b. The value of quantitative change in the difference between the average deviation of the working tool of the wide-span tractor depending on its average angular deviation for different values of b may be observed in Fig. 4 . Fig. 4 , the assumption may be made that the wider the track of the wide-span tractor, and thus, the longer distance is from its longitudinal axis, going through the center, to the working tool, the more significant the difference between the internal and external average deviations is. The latter is more evident with the increase in the average angular deviation, characterizing the combination of all the angular deviations of the mentioned tractor from the given direction of movement. Thus, a conclusion may be made that the automatization of managing the movement of the wide-span tractor with the purpose of decreasing the combination of all its angular deviations from the given direction of Fig. 3 . The internal α φ i (--) and external α φ e (---) shifts of the farthest working tool depending on the angular deviation φ of the tractor with different values of its track K movement will allow reducing the probability of cutting the plants in a row with working tools, especially the farthest ones.
Based on
Let us consider the damage to the plants with the consideration of asymmetry of the distribution of shifts of the working tools.
Let us assume that curves 1 and 3 (Fig. 5 ) characterize the density of the asymmetrical distribution of probability of transversal shifts of the working tools, located on both sides of the row, and curve 2 -location of plants. It is evident that the probability of the left working tool occurring in the zone Z l does not equal the probability of the right working tool occurring in the zone Z r (the areas of shaded parts of the zone Z l and Z r legs 1 and 3 are uneven), i.e. p(X tZl ) ≠ p(X tZr ).
(18)
The same is true for the location of plants:
The damage to plants by the left and right working tools is generally defi ned as:
As the right parts of equations (20) are not even, then p(D Zl ) ≠ p(D Zr ). Therefore, we come to the conclusion that the damage to plants due to cutting on condition of the same protection zone Ñ is different for the left and right working tools. The difference in damage increases with the increase in asymmetry of the curves of distribution of the deviations of the working tools and plants.
To determine the probability of damaging the plants in this case, it is reasonable to use the distribution law, taking into consideration the excess and asymmetry of the distribution [14] . The function of density for the given distribution is expressed with the suffi cient degree of accuracy with the equation [14] :
where f(X)-the normal function of distribution density; f (j) (X) -j-th derivatives of the normal function of distribution density; r 3 , r 4 -the main moments.
Thus, the probability of damaging the plants with the left and right working tools regarding the axis of the row will be defi ned as follows:
The abovementioned may be used to make a conclusion that both working tools of the wide-span tractor, located on both sides of the row, should be placed at the uneven distance from the axis of the row. In our case, with damage to plants up to 1%, the protection zone of the rows, processed with the farthest working tools should be 13 and 16 cm respectively.
CONCLUSIONS
The mathematical methods of determining kinematic parameters of wide-span tractors and the probability of damaging plants in a row, which provide for substantiated selection of distances between the kinematic center of the tractor and the center of resistance of the device, used for controlled traffi c and the working tools as well as for selection of the scope of the protection zone with the consideration of their constructive parameters, stability and movement controllability, were suggested. New mathematical dependences were elaborated, the application of which allows determining permissible thresholds of transversal displacements of the working tools, remarkable for standard deviation in agrotechnical conditions regarding the damage to plants in a row, which takes place while estimating the working indices of wide-span tractors in the controlled traffi c farming.
The factor of displacement difference should be taken into consideration while placing the cultivator working tools for wide-span tractors. The scope of the protection zone for the working tools, located externally from the geometrical axis of the row and the center of the tractor should be larger than that for the internal ones on condition of even damage to plants in the row (approximately for 3 cm).
The value of internal and external deviations of the working tools as well as the absolute difference in average deviation is considerably dependent on their longitudinal and transversal locations regarding the center of the wide-span tractor and is defi ned by the value of its angular deviation from the given direction of movement. In case of small value of the given parameters, the value of deviations and the absolute difference in their average shift is insignifi cant. The automatization of managing the movement of the wide-span tractor with the purpose of decreasing the combination of all its angular deviations from the given direction of movement will allow reducing the probability of cutting the plants in a row with working tools, especially the farthest ones.
It was determined that from the kinematic standpoint the optimal zone of placing the tools for controlled traffi c and working tools is concentrated at a minimally pos-sible longitudinal distance from the kinematic center of the tractor. If the tools of controlled traffi c are placed further from the kinematic center of the tractor, there should be rigid fi xing. The working tools should have fl exible fi xing here, and be placed from the resistance center at a minimally possible distance from the center of resistance of the tools of controlled traffi c. The optimal longitudinal distance from the kinematic center of the tractor to the tracking point for the movement trajectory is 3-4 m. Головний показник якості роботи ширококолійних агрозасобів для колійної системи землеробства -величина пошкоджуваності рослин робочими органами. Пошкоджуваність рослин багато в чому залежить від величини поперекових зміщень робочих органів, що обумовлено стійкістю руху ширококолійного агрозасобу і певною розбіжністю траєкторії сформованої постійної технологічної колії і робочих органів в площині поля. Таким чином, вивчення поперекового руху робочих органів 
